Abstract. Staphylococcus aureus (S. aureus) is associated with recalcitrant chronic infection, especially in chronic rhinosinusitis (CRS). S. aureus infection and biofilms cause poorer postsurgical outcomes. We developed isosorbide mononitrate (ISMN) loaded nanoparticles conjugated with an anti-Staphylococcus aureus alpha-toxin (anti-S. aureus α-toxin) antibody that could target biofilms and investigated their anti-biofilm effect. Anti-S. aureus α-toxin antibody coupled immunoliposomes were generated. The effect of ISMN immunoliposomes on S. aureus biofilm formation and their anti-biofilm efficacy were examined using the crystal violet method and confocal laser scanning microscopy, respectively. Relative biofilm viability at 24 h was tested using the alamarBlue assay. The biofilm formation inhibitory effect on all concentrations of ISMN immunoliposomes was stronger than that of ISMN liposomes and free ISMN (P<0.05). At concentrations of 45 and 23 mg/ml, the inhibitory effect of ISMN liposomes was stronger than that of free ISMN (P<0.05), while at 11 mg/ml, the inhibitory effect of ISMN liposomes was the same as that of ISMN (P>0.05). At 45 and 23 mg/ml, the inhibitory effect of ISMN immunoliposomes on formed biofilms was greater than that of ISMN liposomes and free ISMN (P<0.05) and the inhibitory effect of ISMN liposomes was stronger than that of free ISMN (P<0.05). At 11 mg/ml, ISMN immunoliposomes, ISMN liposomes, and ISMN had the same effect on formed biofilms (P>0.05). In conclusion, ISMN immunoliposomes nearly completely destroy biofilm structure. ISMN immunoliposomes provide a promising approach for treating infectious diseases caused by S. aureus biofilms, including refractory CRS, chronic skin infection, sepsis, and osteomyelitis.
Introduction
Chronic rhinosinusitis (CRS) is a common rhinology disease; the reported prevalence of Staphylococcus aureus (S. aureus) in CRS patients is 61% (1) . Bacterial biofilms are considered as a common and important cause of persistent infections; biofilms require up to 1,000x higher antibiotic doses for effective treatment compared to planktonic cells, thus hindering eradication (2, 3) . Long-term use of antibiotics and emerging resistant bacteria pose a great threat to human health. Thus, a new drug delivery system needs to be developed to overcome the antibiotic resistance and to eliminate biofilm.
Healthy individuals present high concentrations of nitric oxide (NO) in the sinuses (4) , NO plays a role in antimicrobial and antiviral effects, keeping the sinuses relatively sterile, while enhancing the clearance function of mucosa cilia (5, 6) . CRS patients have significantly lower levels of sinonasal NO (7) . Some studies have demonstrated that high NO concentrations suppress S. aureus biofilm growth (8, 9) . Isosorbide mononitrate (ISMN), widely used as a NO-donor in the trials, has been shown to be safe for various applications (10, 11) . Different types of liposomes, which can reduce drug toxicity, have also been certified for clinical use (12) . A new type of liposome, immunoliposomes (antibody-conjugated liposomes), have attracted increasing attention owing to their potential use as targeted drug delivery systems (13) . Currently, immunoliposomes are extensively used for treating cancer cells. Targeted delivery of drugs encapsulated in nanoparticles can increase drug accumulation at the tumor site and slow down drug elimination in blood circulation (14) .
The S. aureus α-hemolysin (HLA) is an important virulence factor, which can also promote bacterial biofilm formation. The potential role of anti-HLA antibodies in targeting molecules for the functionalization of anti-biofilm drug-loaded nanovectors has not been studied to date. Thus, we combined the anti-HLA antibodies with ISMN liposomes to treat infectious diseases caused by S. aureus biofilms. The anti-Staphylococcus aureus alpha-toxin (anti-S. aureus α-toxin) monoclonal antibody can neutralize S. aureus exotoxins, as well as target the nanoparticles to the biofilm.
Materials and methods
Liposome preparation. ISMN liposomes were prepared using the film dispersion method. Egg lecithin and cholesterol were mixed at a weight ratio of 3:1 and then dissolved in 5 ml chloroform. The chloroform was slowly removed under reduced pressure using a rotary evaporator to deposit a thin film of dry lipid on the inner wall of the flask. The dry lipid film was hydrated with 10 ml phosphate-buffered saline (PBS) solution containing 45 mg/ml ISMN for 30 min to obtain the liposomes. The resultant mixture was then successively filtered through 0.45 µm membranes. The prepared liposomes were stored at 4˚C until used.
The study was approved by the Ethics Committee of the First Affiliated Hospital of Zhengzhou University (Zhengzhou, China).
Construction of the pET28a-Hla recombinant plasmid and expression of the HLA protein.
HLA genes were PCR amplified using S. aureus (ATCC25923) genomic DNA as the template with the following conditions: at 95.0˚C for 5 min; 30 cycles at 95.0˚C for 30 sec, at 58.0˚C for 30 sec, and at 72.0˚C for 1 min; and 72.0˚C for 5 min. The HLA PCR product was cloned into linearized pET28a using the Fast-Fusion Cloning Kit (GeneCopoeia, Inc.), resulting in recombinant plasmid pET28a-Hla, which was verified by PCR and restriction enzyme analysis. pET28a-Hla was transformed into Escherichia coli BL21 (DE3) sensory cells and HLA protein expression was induced with 0.4 mM Isopropyl β-D-thiogalactoside at 20˚C. The bacterial cells were resuspended in buffer (20 mM Tris-HCl, 0.5 M NaCl, and 20 mM imidazole, pH 8.0) and the HLA recombinant protein was obtained by Ni 2+ -affinity chromatography.
Preparation of monoclonal antibody. The purified HLA recombinant protein was used as an antigen to immunize BALB/c mice. Freund's complete adjuvant (Sigma-Aldrich; Merck KGaA) was used to emulsify the antigen. A suspension of spleen cells from the immunized mice was fused with myeloma SP2/0 cells to screen for hybridoma cells that could stably secrete the antibody. The hybridoma cell was inoculated into the abdomen of mice and the hydroperitoneum was collected and purified using the octanoic acid-ammonium sulfate method to obtain the monoclonal antibody against HLA. Western blot analysis was used to determine its specificity.
Preparation of ISMN immunoliposomes. Twenty-five microliters of 25% glutaraldehyde were added to 1 ml ISMN liposomes and the mixture was maintained at 25˚C for 10 min. The excess glutaraldehyde was removed by saline dialysis for 3 h. Subsequently, the anti-S. aureus α-toxin monoclonal antibody was conjugated with liposomes that reacted with glutaraldehyde (overnight at 4˚C with shaking). Immunoliposomes were stored at 4˚C until used.
Encapsulation percentage determination. ISMN immunoliposomes were centrifuged at 2,035 x g for 20 min at 4˚C using an ultrafiltration tube (EMD Millipore). The ultrafiltrate was diluted with PBS and then analyzed by ultraviolet spectrophotometry (210 nm) to determine the amount of free ISMN(m free drug ), the m total drug was 450 mg. An ISMN standard curve was generated using ISMN solutions of known concentrations. Encapsulation efficiency (En %) = m total drug -m free drug /m total drug .
Coupling rate determination. Immunoliposomes were centrifuged at 11,300 x g for 30 min at 4˚C and the supernatant (free protein) was carefully removed to another tube. The immunoliposomes were resuspended in an equal volume of PBS. The concentration of free protein was determined using the BCA kit (Solarbio). Coupling rate = 1-m free protein /m total protein .
Suspension preparation. Biofilm forming strain S. aureus ATCC25923 was used in this study. Bacterial cultures were established as previously described (3) . Briefly, bacterial strains (frozen glycerol stock) were inoculated onto nutrient agar (Oxoid) plates and incubated overnight at 37˚C for recovery. A bacterial suspension of 1 McFarland unit in 0.9% saline prepared using single colonies from the plate was used for subsequent experiments.
Effect of immunoliposomes on biofilm formation.
The immunoliposomes were resuspended in tryptose phosphate broth (TPB) (Sigma-Aldrich; Merck KGaA) and ISMN was dissolved in TPB at a concentration of 45 mg/ml. The bacterial suspension was diluted, 15 µl of bacterial suspension was mixed with 135 µl of the different drug dosage forms (immunoliposomes, liposomes, and ISMN), transferred into 96-well microplates (Corning Life Sciences Plastic), and incubated for 48 h at 37˚C under 5% CO 2 and 90% humidity. The 96-well microplate was rinsed twice in saline to remove planktonic bacteria and then dried for 10 min at 25˚C. Next, 200 µl of methyl alcohol (Hengxing, Tianjin, China) was added to each well and incubated at 25˚C for 15 min. Then, 200 µl/well of the crystal violet was added and incubated statically at 25˚C for 15 min, distilled water was applied to remove the extra dye following decanting, and 250 µl/well of 95% ethyl alcohol was added and incubated at 25˚C for 1 h. Finally, the absorbance of the samples was measured using a microplate reader at 560 nm.
Effect of immunoliposomes on formed biofilms.
For biofilm growth, the S. aureus suspension was diluted 1:10 in TPB and 150 µl of the dilution was pipetted into the wells of 96-well clear-bottom microplates (Corning Life Sciences Plastic, NY, USA) and incubated at 37˚C under 5% CO 2 and 90% humidity for 48 h (3, 15) .
The prepared biofilm-coated 96-well microplate was rinsed twice with saline to remove planktonic bacteria and 200 µl of ISMN immunoliposomes, ISMN liposomes and ISMN, respectively, were added to the wells for 24 h at 37˚C, followed by another two washes. The alamarBlue assay (Invitrogen; Thermo Fisher Scientific, Inc.) was performed to test the viability of the challenged biofilm according to the manufacturer's instructions; 250 µl/well of the alamarBlue (1:10 dilution in TPB) was added and incubated statically at 37˚C for 1 h. Finally, the fluorescence intensity of the samples was measured with a FLUOstar OPTIMA plate reader (excitation, 530 nm; emission, 590 nm; BMG Labtech). PBS was used as the negative control and wells that did not contain biofilms were stained as the background. All treatments were carried out in triplicate and the experiments were repeated twice.
To observe the biofilms following different intervention formulations, 300 µl of the bacterial suspension was added to CLSM, 8-well culture slides (BD Biosciences) and incubated at 37˚C for 24 h to form the S. aureus biofilm. Next, the medium was carefully replaced with fresh TPB and the slide was incubated at 37˚C under 5% CO 2 and at 90% humidity for another 48 h to allow further biofilm formation. Once the biofilm formed, different drug dosages and concentrations were added to the wells.
The slide was rinsed twice with 0.9% NaCl to remove planktonic bacteria (15, 16) and 300 µl/well of immunoliposomes, liposomes, and ISMN at different concentrations was added for 24 h. PBS was applied as the non-treatment control. Following intervention, the samples were fixed with 300 µl/well of 5% glutaraldehyde (Zhiyuan) for 30 min prior to staining. Next, 300 µl/well of the SYTO9+PI (Invitrogen; Thermo Fisher Scientific, Inc.) mixture in saline was added to each well and incubated in the dark for 15 min at room temperature. All steps were followed by two saline washes. After removing the upper chamber of the culture slide, the samples were sealed with glycerol (Dingguo) and examined using a Nikon (Nikon Microsystems) confocal laser scanning microscopy with 60x objective and 0.25 µm for laser scanning step size; PI, excitation 561 nm and emission 610 nm; SYTO9, excitation 476 nm and emission 510 nm. For each sample, the full thickness of the biofilm was scanned along the z-stacks and the experiments were repeated three times. Image processing and analysis were performed using Nikon NIS-Elements (Nikon) and ImageJ 1.43 (Wayne Rasband, National Institutes of Health).
Statistical analysis. Parametric data are expressed as mean ± standard deviation. Depending on the type of data, significant differences between multiple groups were confirmed by the Kruskal-Wallis test or one-way analysis of variance (ANOVA); pairwise comparisons were conducted using the Bonferroni method. Difference were considered statistically significant at P<0.05.
Results
Amplification of target gene. The HLA gene was PCR amplified using S. aureus genomic DNA. The obtained amplified fragment was of the expected size, 960 bp.
Preparation of HLA monoclonal antibody. The pET28a-Hla recombinant plasmid was successfully transfected into cells and the resulting purified HLA recombinant protein was used as an antigen to immunize BALB/c mice. Hybridoma cells secreting anti-HLA monoclonal antibodies were obtained and the antibodies were successfully prepared.
Immunoliposome characterization. ISMN immunoliposomes formed a milky white suspension on gross examination. ISMN liposomes remained stable without changing their appearance, hydrodynamic diameter and encapsulation percentage (P<0.05) for one month at 4˚C.
The physicochemical properties of the samples, namely hydrodynamic diameter and ζ-potential, were obtained using dynamic light scattering. The average hydrodynamic diameter of the ISMN immunoliposomes was 175.7 nm (PDI= 0.235) and the ζ potential was -1.18 mV. We found that the produced liposomes were negatively charged particles, regardless of whether they contained the drug.
The ISMN immunoliposome encapsulation percentage was 17.6%, much higher than previously published (3). The coupling rate of the anti-S. aureus α-toxin monoclonal antibody to ISMN immunoliposomes was 32.86%. Fig. 1 ).
Effect of immunoliposomes on biofilm formation.
The effect of immunoliposomes on formed biofilms. The inhibition ratio was calculated following normalization to the mean fluorescent intensity of the control wells (biofilms without any intervention) to compare the differences between the different interventions. Fig. 2 ).
Confocal laser scanning microscopy (CLSM) analysis.
The killing effect of immunoliposomes, liposomes, and free ISMN on biofilms was verified using CLSM with fluorescence quantitative analysis. In this experiment, SYTO9 and PI interacted with the nucleic acids of live and dead bacteria, which were visualized as green and red, respectively. The S. aureus biofilm in the control group appeared as a large cloud, in which the dead and live bacteria and polysaccharide matrix were clustered together. At a drug concentration of 45 mg/ml, the immunoliposomes almost completely eradicated the biofilm; only a handful of scattered bacteria remained (Fig. 3) . At concentrations of 45 and 23 mg/ml, the green fluorescence intensity of all intervention groups was lower than that of the control group and the difference was statistically significant 
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between any two groups (P<0.05). At 11 mg/ml, the green fluorescence intensity of all intervention groups was lower than that of the control group and the difference was statistically significant (P<0.05); however, there was no statistically significant difference between any two dosage forms (P>0.05; Table III and Fig. 4) . Moreover, quantitative analysis of green fluorescence intensity obtained from CLSM was consistent with the alamarBlue assay results.
Discussion
In this study, immunoliposomes were successfully produced and the average hydrodynamic diameter of the ISMN immunoliposomes was 175.7 nm (PdI= 0.235). The encapsulation percentage of ISMN immunoliposomes was 17.6%, which was much higher than previously reported; the diameter was also smaller than previously reported (3). Previous studies have shown that the smaller the particle size of liposomes, the better the liposomes are able to permeate biofilms (15) . Encapsulation efficiency plays a vital role in drug delivery to the biofilm. We used an orthogonal test to determine the optimum dosage of egg lecithin and cholesterol; the liposomes we obtained had a smaller diameter and higher encapsulation efficiency. The preliminary study confirms that 45 mg/ml ISMN can be used to eradicate bacterial biofilms. Furthermore, we investigated the effect of different concentrations of immunoliposomes, liposomes, and free ISMN on formed biofilms and biofilm formation. Our results show that immunoliposomes with 45 mg/ml ISMN had the greatest anti-biofilm effects (including formed biofilms and biofilm formation) compared with the same concentration of free ISMN and ISMN liposomes. Further mechanism of how the immunoliposomes affect the delivery of the NO donor to the biofilm is needed.
At a concentration of 11 mg/ml, immunoliposomes had a significantly stronger anti-biofilm effect (biofilm formation) than the corresponding concentration of liposomes and free drug and the difference was statistically significant (P<0.05). The biofilm formation process is divided into several stages, namely adhesion, colony formation, maturation, and aging. The effect of ISMN immunoliposomes on biofilms began at the adhesion stage or during colony formation. Thus, 11 mg/ml ISMN immunoliposomes may intervene more effectively with biofilm formation than the same concentration of ISMN liposomes and free ISMN; the higher local drug concentration could effectively inhibit and interfere with biofilm formation.
In addition, 11 mg/ml ISMN immunoliposomes had a stronger anti-biofilm effect (formed biofilm) than the corresponding concentration of liposomes and free drug; however, the difference was not statistically significant (P>0.05). The reason for this may be that the biofilm was aging or mature; although the immunoliposomes targeted the drug to the biofilm, the drug concentration might have been too low to effectively eliminate a mature stage biofilm. Thus, once the biofilm was formed, it was difficult to eradicate, especially at low drug concentrations. Therefore, the advantages of immunoliposomes were less obvious compared with ISMN liposomes and free ISMN. In contrast, at early stages of biofilm formation low drug concentrations were able to effect biofilm formation during the 48 h interaction period.
There are several reasons explaining the increased antibiotic resistance of biofilms compared with free bacteria: i) The extracellular matrix secreted by bacteria in the biofilm can form a physiological and metabolic barrier (17) , which can prevent or greatly reduce the entry of antibiotics into cells (18, 19) . ii) The microenvironment in the biofilm is complex and there may be some regional differences in oxygen concentration, osmotic pressure, and pH, resulting in different susceptibility to antibiotics and other drugs. iii) The specific growth patterns of the biofilm can enable bacteria to escape the host immune system (20, 21) . iv) Nutritional limitation: the accumulation of metabolites in biofilms and the consumption of oxygen and nutrients causes bacteria in the biofilm to starve and enter a non-vegetative state, resulting in fewer sensitive cells in the biofilm (22) (23) (24) . v) Bacteria in the biofilm may exhibit specific biological phenotypes, which are controlled by specific genes.
Immunoliposomes have been studied extensively in tumor treatment. Immunoliposomes have significant advantages in clinical use (25) . Firstly, in terms of ensuring drug effects, immunoliposomes not only reduce drug dosage, but could also reduce or prevent the adverse effects of drugs in the patient. Secondly, immunoliposomes could be used to establish new medical approaches and improve the efficacy of currently used hydrophilic (low membrane trespassing capacity) macromolecules (26) . Thirdly, immunoliposomes can target tumors and easily control drug dosage. Bacterial biofilm possesses a certain spatial structure and the biofilm matrix may protect bacteria against drug permeability; hence, it is difficult for common drugs to permeate and eradicate the biofilm. Thus, we designed ISMN immunoliposomes comprised of ISMN encapsulated within liposomes coupled to an anti-S. aureus α-toxin monoclonal antibody. Encapsulating ISMN with liposomes allowed the drug to permeate the biofilm more easily via lipid fusion (27) . Furthermore, coupling with the anti-S. aureus α-toxin monoclonal antibody ensured that ISMN could selectively act on the biofilm, which would not only improve the efficacy of ISMN against biofilms, but could also reduce drug dosage and decrease adverse drug reactions. The hydrophobic properties of the bacterial cell wall have also been shown to impact liposomes penetration and enhance drug mobility through the biofilm matrix (28) . Compared with topical antimicrobials, which have difficulty penetrating the biofilm matrix, immunoliposomes could easily combine with and enter into bacterial biofilm; the retention of immunoliposomes in the biofilm could facilitate drug release in close proximity of the bacteria over extended periods of time (22) , which is extremely important for effective biofilm eradication. This study focused on the S. aureus biofilm in vitro, further studies are required to confirm this and to investigate its safety and efficacy in the animal model of CRS.
Immunoliposomes, which provide a potential new form of dosage that is effective and safe, will hopefully be conducive to decreasing antibiotic use and consequently reducing the risk of developing drug resistance. The optimum concentration of immunoliposomes selected here, which demonstrated the best anti-biofilm effects, could provide a starting drug concentration for future animal experiments.
In conclusion, the findings of this study indicate that ISMN immunoliposomes were the most effective formulation for eradicating bacterial biofilms. Furthermore, we highlight the advantages of immunoliposomes as a novel drug delivery system for biofilm eradication. Future in vivo studies are required to determine their safety and efficacy prior to topical clinical application. 
